Primary hypertrophic osteoarthropathy (PHOA), also referred to as pachydermoperiostitis and pachydermoperiostosis, is a rare disease, previously reported only in humans. [1] [2] [3] [4] [5] While elimination of secondary causes for hypertrophic osteoarthropathy is part of the diagnostic approach, it is often the coarsening of facial features that suggests the diagnosis of the primary form. 6 It presents in humans as 45 3 3 autosomal dominant with symptoms usually appearing around puberty. 1, 4, 7 Recognition of the phenomenon in this group of related lemurs suggests the availability of this species as a new model for this baffling disease.
Prosimians, order primates, rarely develop bone pathology 8, 9 which, when noted, presents as irregular overgrowth of the outer layer of bone cortex, referred to as periosteal 50 reaction. Previously reported cases in black (Eulemur macao) and black and white (Varecia variegatus variegatus) lemurs 10, 11 have been related to the secondary hyperparathyroidism of renal disease and, in ringtail lemurs (Lemur catta), to nutritional secondary hyperparathyroidism. 11 The findings in red ruffed lemurs (Varecia variegatus rubra) support a different 55 diagnosis. Examination of the character and distribution pattern of periosteal reaction in an adult female identified a phenomena well recognized in mammals, hypertrophic osteoarthropathy (HOA). [12] [13] [14] Most HOA is secondary, a complication of intrathoracic pathology and liver disease. [15] [16] [17] [18] [19] However, after an exhaustive workup identified none of the known causes in the propositus, one of us (DN) commented that her subsequently-60 affected daughters had the same facial coarsening. This led to the recognition that these lemurs actually represented the first animal model of the primary form of HOA. [1] [2] [3] 20 
MATERIALS AND METHODS
Affected lemurs underwent full clinical, laboratory and radiologic evaluation to characterize the underlying disease process and to seek an effective approach to its 65 treatment. Autopsy was performed on the propositus. Significant gross necropsy findings were limited to the skeletal system. Severe 105 bony proliferation was palpated on all long bones, the mandible, maxilla, and brow ridge as well as a prominent ridge of bony proliferation was present on gingival dental margin.
RESULTS
Histopathology revealed bony proliferation (hyperostosis) characterized by bony trabeculae with an increased number of disorganized, irregularly shaped and contoured cement lines. Mild emphysema, mild splenic hemosiderosis and moderate small intestine 110 hemosiderosis were also identified.
Case 2
A 9 year old, 3.13 kg, female red ruffed lemur (lemur 2, offspring of propositus) (100290) was anesthetized for examination due to recent episodes of stiffness and to screen 6 6 for skeletal changes as seen in its dam (lemur 1, propositus). Physical examination was 115 unremarkable. CBC and metabolic panel were unremarkable, with exception of alkaline phosphatase of 678. Radiographs revealed significant proliferative changes in both tibia and severe proliferative changes in both radii and ulnas.
Episodes of stiffness and/or lamness occurred with increased severity occurred over the next 6.5 years with progressive increasing ALP to >1989 During this time period 120 various treatments (ibuprofen, acetaminophen, sulfasalzine, cosequin, tramadol) were prescribed to address discomfort with variable benefit. Limited progression of radiographic lesions was appreciated in followup films. At age 16.5 years the lemur was euthanized due to non-responsive diarrhea. Necropsy information was not available.
Case 3
125 An 9 year old, 2.83 kg, female red ruffed lemur (lemur 3, offspring of propositus) was anesthetized for routine examination and to screen for the skeletal disease detected in its dam (lemur 1) and sibling (lemur 2). Physical examination was unremarkable.
Radiographs revealed periosteal proliferation in both tibia and distal right radius. CBC and SBA were normal, with exception of phosphorus 9.6 mg/ml. 130 Three months later, the lemur was reluctant to move and hindlimb trembling was noted. When the animal did ambulate, she appeared to be favoring the right foot. Physical examination was unremarkable and radiographs revealed no progression of the periosteal reaction. CBC and metabolic panel were unremarkable. CPK was 34,547. Radiographs revealed early periosteal reaction. 135 Eight months later the animal was noted to be thin with prominent muscle wasting.
Firm thickening was palpable along the tibia and ulna bilaterally. Radiographs Limited progression of radiographic lesions was present in followup films, although 145 increase brow prominence did develop similar to propositus. At age 17 years, the lemur was euthanized due to marked increase in discomfort and difficulty in moving or righting itself. Necropsy information was not available.
DISCUSSION

Diagnosis
150
The ruffed lemurs clearly had hypertrophic osteoarthropathy (HOA). They had generalized long bone periosteal reaction. Distal diaphyses were invariably affected, as has been documented in human HOA.
19
Hypertrophic osteoarthropathy is characterized in humans by a widespread pattern of periosteal reaction. [12] [13] [14] [15] [16] [17] [18] [19] Although HOA is traditionally described as a disorder of distal diaphyses, more extensive disease is also noted. Periosteal 155 reaction is found to be equally divided between distal and diffuse apposition. Underlying causes of secondary hypertrophic osteoarthropathy include pulmonary, gastrointestinal/esophageal, cardiac, or hepatic disease (usually abdominal or thoracic masses or lesions) are present. [12] [13] [14] [15] [16] [17] [18] None of the lemurs described in this report had radiographic evidence of a visceral neoplastic condition, nor was there evidence of nonskeletal disease based on serum liver function analysis. Antemortem cardiac evaluation 165 (EKG and ultrasound) of the propositus, as well as gross and histological evaluation failed to show evidence or neoplasia or visceral disease.
The diagnosis of primary hypertrophic osteoarthropathy (pHOA), also called pachydermoperiostosis, [2] [3] [4] [5] 12 was made when unique facial features were recognized in the propositus and her two daughters. Furrowing/thickening of facial features was noted 170 ( Figures 3,4) , often referred to as pachydrmia and cutis vertices gyrata in humans. 6 Based on the above evidence/diagnostic results, the lemurs were considered to have PHOA. Pachydermoperiostosis is a rare inherited disease that accounts for 3-5% of all cases of HOA in humans. 7 The disease exists in three forms: complete (periostosis and pachydermia), incomplete (without pachydermia), and the forme fruste (pachydermia with 175 minimal skeletal changes). As the name implies, it is usually recognized when cutaneous lesions such a pachydermia, seborrhea, (skin changes causing coarse facial features with thickening, furrowing and excessive oiliness of the skin of face forehead, leading to acromegalic-like faces in adults), digital clubbing, and rarely cutis vertices gyrata occur. 4 Bone and joint involvement includes arthralgia, arthritis, periosteal new bone formation , 180 subperiosteal ossification and osteoporosis. 4.5.7.14 Gastric mucosa hypertrophy, gastric ulcer and other endocrine abnormalities have been described. 22 PHOA may take up to 20 years for full development of symptoms in humans. Pachydermoperiostosis demonstrates an autosomal dominant mode of inheritance with variable penetrance in humans and a predilection for males predominance (over 185 females) (7:1). Symptoms usually appear around puberty, with males generally more severely affected. 1, 4, 7 All lemurs affected in this report were females. It is of interest that the daughters of the propositus became affected at roughly the same age, while their male same age siblings remained disease free.
The pathogenic mechanism of PHOA is unknown. In addition to genetic influences, 190 proposed etiological factors include anomalies in fibroblast activity or alteration of peripheral blood flow. 1, 4 Support for the latter includes tortuous capillaries (as seen on nail bed capillaroscopy, capillarorhexis, microhematomas) and diffuse plasmatic and red blood cell extravasation. 
Differential diagnosis
195
Proliferative bone diseases are uncommon in nonhuman primates. 8 Prior to this report, the only bone disease with a solely adult onset that has been thoroughly described in lemurs is a familial condition of periarticular hyperostosis, seen in black lemurs (Eulemur macaco macaco) 10 and in black and white lemurs (Varecia variegatatus varigatus).
11
This contrasts with the disease observed in red ruffed lemurs, which was not 200 limited to the periarticular region. They had generalized periosteal reaction, but no the facial bone proliferation of the form of craniodiaphyseal dysplasia referred to as lioniasis or lionitis. 23 Differential diagnosis must consider infectious disease (e.g., treponemal), endocrinopathies with or without nutritional imbalances (e.g., thyroid acropachy, 205 acromegaly and renal osteodystrophy or secondary hyperparathyroidism and 10 10 osteomalacia), neoplasia and hypertrophic osteoarthropathy.
14-18
Although infection of bones or surrounding tissues can cause pronounced periosteal proliferation, no evidence of an infectious process was seen in the CBC, radiographs or bone biopsies. In humans, infection with Treponema pallidum subsp. pertenue, the causative agent of yaws, a non-210 venereal treponematosis, can cause marked periostitis.
14, 24 The possibility of treponemal infection was investigated in the propositus, but serological testing revealed no evidence of disease. As the tests have not been validated for non-human primates, a clinical treatment trial for possible yaws was initiated. It had no effect and post-mortem evaluation revealed no evidence of treponemal or other infectious agents. Myocardial infarction has not been previously recognized in lemurs. 8 Myocarditis was a consideration but, if present, has no known association with HOA and was not found at 245 autopsy..
Treatment
Conventional therapy for PHOA in humans is anecdotal. 1, 7 It is unclear that any have actually proven of reproducible benefit. Analgesics, NSAIDS, colchicine, and oral or intraarticular steroids have been used with minimal benefit. This contrasts with the 250 effectiveness of sulfasalazine in treatment of the unrelated disorder, spondyloarthropathy. 26 
12
More recently, bisphosphonates (e.g., pamidronate, administered intravenously) have been tried, with mixed results. 7 Future cases of PHOA in lemurs may benefit from intravenous pamindronate (a biphosphonate), although minimal benefit was noted when applied herein.
CONCLUSIONS
255
The proliferative bone disease seen in these three ruffed lemurs appears to be a unique condition not previously described in nonhuman primates. The only bone disease with an adult onset that has been described in lemurs is a familial condition, renal osteodystrophy, seen in black (Eulemur macaco macaco) and in black and white lemurs 
